Phenotypic properties (growth characteristics, utilization of carbon and nitrogen sources, and intrinsic antibiotic resistance) of 53 Rhizobium strains isolated from root nodules of the temperate-zone legumes Astragalus spp. (29 strains), Oxytropis campanuhta (7 strains), Hedysarum alpinum (7 strains), Ononis awensis (3 strains), Glycyrrhiza spp. (4 strains), and Coronilh varia (3 strains) were compared with those of other Rhizobium, Bradyrhizobium, and Agrobacterium strains. The final matrix, containing 83 strains and 56 nonsymbiotic features, was used for computer cluster analysis. The dendrogram showed that the new strains of temperate-zone rhizobia formed a cluster separate from both Rhizobium and Bradyrhizobium spp. Two large groups of temperate-zone rhizobia were revealed. Group 1 included rhizobial strains originating from different geographical regions with a temperate climate, while group 2 included strains from the same geographical origin, South Siberia. The 'strains of recognized Rhizobium species were clustered, in general, with each other as expected from phylogenetic relatedness.
Root nodule bacteria of the genera Rhizobium and Bradyrhizobium are a common microflora of temperate soils. These bacteria may interact with the roots of leguminous plants, inducing the formation of nodules in which the fixation of atmospheric nitrogen occurs. These bacteria are commonly used in agriculture for improvement of plant growth. The specificity of the interaction between rhizobia and legumes depends on many factors coded for by the host cultivar and bacterial genomes;. The main properties of a bacterial isolate can be described by its taxonomical position in relation to other strains. There are several Rhizobium species recognized at this time (10, 1.3, 24) , and knowledge of rhizobial evolution and phylogeny obtained in recent studies allows the proposal of new rhizobial taxa (3, 16, 25) . However, the current systematic description of the genus Rhizobium does not include many of the root nodule isolates from legumes of tropical (22, 37) , arctic (21) , and temperate (5, 12, 17) regions.
The host plant specificities and phage sensitivities of Rhizobium strains from temperate-zone legume root nodules formed on Astragalus, Hedysamm, Glycywhiza, and Ononis plants were recently described (17) . It was shown that these strains constitute a cross-inoculation group related to Rhizobium loti. The aim of the present work was to determine the cultural properties of these strains and to compare these properties with those of other Rhizobium species.
MATERIALS AND METHODS
Bacterial strains. Bacterial strains used in this work are listed in Table 1 . Bacteria were maintained on yeast extractmannitol (YEM) (29) agar slants at 4°C.
Growth characteristics. The time necessary for full colony development on YEM agar (estimated here as a colony diameter of 2 mm) was determined. Bacterial growth on meat-peptone agar and reactions with litmus milk were determined as described earlier (11) . The ability of strains to grow in the presence of 0,1,1.5, or 2% NaCl was tested by streaking strains on YEM agar containing the salt. Temperature tolerance was determined by plating strains to obtain single colonies on YEM agar and incubating at 33, 35, and 37°C for 7 to 10 days. Unless indicated othenvise, the cultures were incubated at 28°C. Growth of the fast-growing and slowly growing strains was observed after incubation for 3 to 5 and 5 to 7 days, respectively. All tests were performed in duplicate.
Utilization of carbon sources. For analysis of carbon source utilization, the base medium (YEM) was modified so that yeast extract was replaced by 0.01% NH,NO, and mannitol was replaced by one of the following carbohydrates: sucrose, D-maltose, D-lactose, D-glucose, D-arabinose, D-rhamnose, Dmannose, D-xylose, D-raffinose, dulcitol, D-sorbitol, or the dicarboxylic acid Na-succinate. The media were solidified with 0.7% agar, and 0.0025% (wt/vol) bromothymol blue was added as a pH indicator. The pH of the media was adjusted to 7.0. Tests were done in tubes.
Utilization of amino acids as sole nitrogen and carbon sources. Tests were performed with the same medium used for the determination of carbon source utilization, but the nitrogen source was replaced by one of the following amino acids (0.1%, wt/vol) as a source of both nitrogen and carbon: L-histidine, DL-valine, L-arginine, L-proline, or DL-serine.
Utilization of mineral nitrogen. The yeast extract in YEM agar was replaced by 0.1% (wtlvol) of one of the following mineral salts: (NH,),SO,, Ca(NO,),, (NH,),PO,, or (NH4)2 MOO,. The media contained 0.0025% bromothymol blue as a pH indicator.
Intrinsic antibiotic resistance. Intrinsic antibiotic resistance was tested on YEM agar supplemented with one of the following antibiotics at the indicated concentrations (in micrograms per milliliter): streptomycin, 25, 50, or 100; rifampin, 5, 10, or 20; kanamycin, 10, 25, or 50; penicillin, 5 or 10; or ampicillin, 5 or 10.
Nodulation tests. Legume seeds were obtained from the Vavilov Plant Breeding Institute (St. Petersburg, Russia). Tests were done in tubes with surface-sterilized legume seeds as described earlier (17) . Twelve seedlings of each legume were inoculated for each strain tested. Tubes were examined for the presence or absence of nodules after 6 weeks. The ability to fix nitrogen was estimated by measuring acetylene-reducing activ-
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The data were coded for bacterial growth characteristics as follows: 0 for an absence of growth, 1 for light growth, and 2 for heavy growth. Changes in the pH of the culture media were assigned values of -2 for strong acidification, -1 for a weak acidification, 0 for no change, 1 for weak alkalinization, and 2 for strong alkalinization. Reactions on litmus milk were given values of 0 for the absence of a serum zone and 2 for the presence of a serum zone. Growth rate values were assigned on the basis of the number of days it took for full colony development to occur. Weighting coefficients used were 4 for acidity of culture media, 10 for growth rates, and 2 for other characters.
The characters with a dispersion of 0 were excluded from the calculations. The analysis was performed at the Computer Laboratory, Research Institute for Agricultural Microbiology, St. Petersburg, Russia.
RESULTS
Computer analysis allowed us to group the strains into 14 clusters on the basis of their metabolic properties. The composition of each cluster is shown in Table 1 . A dendrogram showing the linkage between clusters is presented in Fig. 1 . The strains under investigation formed two large taxonomic groups with a 0.44 level of similarity. These groups were found to be divergent both from other Rhizobium species and from Bradyrhizobium strains. The level of similarity between these groups and the Rhizobium reference strains was about 0.33, and the level of similarity between Bradyrhizobium and Rhizobium species was less than 0.3. The metabolic properties of the strains are presented in Table 2 .
Cluster 1 included slowly growing Bradyrhizobium strains isolated from root nodules of Desmodium canadense and Glycine max. This cluster has the greatest divergence from the other rhizobia tested.
Cluster 2 consisted of only two strains: Rhizobium tropici CIAT 899 and Agrobacterium tumefaciens C58. Cluster 3 comprised strains having different taxonomical positions: Rhizobium fredii USDA 191, Rhizobium huakuii CCBAU 2604, and Rhizobium sp. strain NGR 234. Cluster 4 included four strains: two strains of Agrobacterium and two strains of Rhizobium galegae. Cluster 5 is composed of Rhizobium meliloti as well as R. fredii strains. It should be noted that strains from different geographical origins but belonging to the same taxon were, as a rule, clustered with one another. Cluster 6 comprised the related strains of R. loti and R. huakuii. Clusters 2 through 6 united into one taxonomic group with a level of similarity of about 0.5. This group included nearly all of the Rhizobium and Agrobacterium reference strains used in this work.
Two Rhizobium strains (CIAM 1413 and CIAM 1802) were not clustered with one another or with other bacteria tested and occupied distinct positions on the dendrogram.
Cluster 7 included two Rhizobium strains isolated from root nodules of Phaseolus vulgaris, two strains identified as Rhizobium leguminosarum bv. trifolii, and two isolates from root nodules formed on an Astragalus sp. This cluster was more related to the Rhizobium sp. strains under investigation than to the reference strains.
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Three clusters (clusters 8, 9, and 10) formed the first taxonomic group of temperate-zone rhizobia, with a 0.57 level of similarity. The central strains of this group were C U M 0208 and CIAM 0209. Cluster 8 consisted of six strains isolated from root nodules formed on temperate-zone legumes of various genera (Lotus, Anthyllis, Glycyrrhiza, Astragalus, Ononis, and Coronilla). Cluster 9 was the most extensive one and contained 16 strains isolated from diverse legumes from different geographical regions. Cluster 10, bordering cluster 9, included five strains specific for nodulating Hedysarum alpinurn and Coronilla varia.
Four clusters (clusters 11, 12, 13, and 14) made up the second taxonomical group, with a 0.58 level of similarity. This group included only strains isolated from the root nodules of Astragalus and Oxytropis plants found in Siberia. The central strain of this group is CIAM 0219.
The characteristics that differentiate these newly discovered phenotypic groups from existing Rhizobium species are presented in Table 3 . The strains under investigation were attributed to the genus Rhizobium (they grew rapidly on YEM media, did not produce alkali on sugar media, and utilized a wide range of carbon compounds [lo]), while for most of the characteristics studied they had features intermediate between those the fast-and slow-growing root nodule bacteria.
Data on the plant host ranges of representative strains of group 2 as well as bacteria isolated from root nodules of C. varia (group 1) are presented in Table 4 . Host specificities of other temperate-zone rhizobia included in group 1 have been described previously (17) . The results show that the plant host ranges of these rhizobial strains of different temperate-zone geographical origins are similar and include several temperatezone legumes (Table 4) , but no nodules were formed on roots of Medicago sativa, Trifolium pratense, or Galega orientalis plants inoculated with these strains.
DISCUSSION
The family Leguminosae, one of the largest plant families, contains about 20,000 different species distributed from arctic to tropical latitudes. Only a small portion of legume species (less than 15%) have been screened for ability to be nodulated (1, 6) . Therefore, many bacterial legume microsymbionts remain uninvestigated.
In recent years, progress towards the development of a more complete Rhizobium taxonomy has been made, and new species have been described: R. tropici (16) , R. huakuii (3), and Rhizobium etli (25) . Genomic relatedness between members of the family Rhizobiaceae has been revealed by modern approaches and has allowed the construction of phylogenetic trees and the proposal of possible modes of rhizobial evolution (7, 14, 31, 33, 35) . The data gathered to date show that the family Rhizobiaceae is composed of phylogenetically heterogenous genera. Thus, Bradyrhizobiurn spp. are more related to nonsymbiotic bacteria such as Rhodopseudomonas, Afipia, and Nitrobacter spp. (19, (31) (32) (33) ; Rhizobium spp. are related to Agrobacterium, Brucella, and Bartonella spp. (33) . These facts indicate the need for a revision of existing taxa of the family (31, 33) as well as the likelihood of discovery of new forms of root nodule bacteria.
The present work centered on the study of root nodule bacteria isolated from the temperate-zone legumes of the genera Astragalus, Oxytropis, Glycyrrhiza, Ononis, Hedysarum, and Coronilla. Previous analyses of the phage sensitivities and plant host ranges of these isolates indicated that they are related to strains isolated from root nodules formed on Lotus comiculatus, and so they were classified as R. loti (17) . In this work, a comparison of the metabolic properties of the bacteria was performed, and cluster analysis was used to construct a dendrogram reflecting the phenotypic relationships among these strains. A significant distance was found between the Rhizobium strains under investigation and the reference strains included in the study. In addition, two large groups were identified among the temperate-zone rhizobia studied. Group 1 included rhizobial strains originating from different geographical regions of the temperate zone, while group 2 included strains from the same geographical origin, South Siberia.
None of the rhizobial isolates obtained from temperate-zone legumes (including bacteria from L. comiculatus nodules) were clustered with the R. loti type strain NZP2213 or with other R. loti or R. huakuii strains. These strains, however, have spectra of phage sensitivity similar to those of the temperate-zone rhizobia (data not presented).
It should be mentioned that taxonomic group I included strain NZP 5462, which was isolated from the root nodules of C. varia. This strain was used earlier in DNA-DNA hybridization studies and was demonstrated to have not more than 10% DNA homology with the R. loti type strain and about 20% homology with strains of the R. leguminosarum group (4). The present work shows that the Rhizobium strains most closely related to the temperate-zone rhizobia described here were R. leguminosarum strains of the same geographic origin. The present work also shows that, in general, the numerical classification of the Rhizobium species used in this study placed them into the same groups as methods based on genomic relatedness. Thus, on the basis of its phenotypic characters, the broad-host-range strain NGR 234 was closely related to the fast-growing soybean microsymbiont R. fredii USDA 191 (cluster 3), consistent with the results obtained by others from a comparison of 16s rRNA sequences (7) . The other R. fiedii strain, which originates from India, was grouped with the R. meliloti strains (cluster 5), and this is also in agreement with the published phylogenetic data for these two species (7, 30, 35) . Strains of R. loti showed a close phenotypic relatedness to strains of R. huakuii (cluster 6, excepting strain CCBAU 2604), which also in accordance with results obtained previously by using 16s rRNA sequence comparisons (20, 31) . The type strains of R. loti and R. huakuii however, had no more than 33% similarity to the Rhizobium strains isolated from L. comiculatus nodules used in this analysis.
In contrast t o1 the similarities between the present work and the other work cited above, our dendrogram showed that R.
tropici CIAT 899 was linked withA. turnefaciens C58 (biovar 1) (cluster 2). 16s rRNA sequence analysis indicates that this strain is more related to Agrobacteriurn sp. biovar 2 or R. Zegurninosarurn than it is to Agrobacten'urn sp. biovar 1 (14, 16, 23, 31) . Nevertheless, the symbiotic plasmid of CIAT 899 can be expressed in an A. tumefaciens C58 genetic background (15) , and this fact suggests a degree of phenotypic relatedness between these two strains. The metabolic properties of the R. galegae strains were closely related to those of Agrobactenum strains (cluster 4). The precise taxonomic position of the R. galegae strains is not yet clear. There is some evidence of their phylogenetic linkage to R. loti strains (36) , but other authors showed them to be divergent from R. loti and demonstrated that they were more closely related to Agrobacten'urn species (23, 31) . The results of mobilization of symbiotic genes from R. galegae into Agrobactenum strains would seem to support the second finding (18) . In any case, formal taxonomic conclusions must be supported with data obtained by different systematic approaches. To conclude whether the temperatezone legume Rhizobium strains should be assigned to a new species of the genus or to R. loti will require further phylogenetic study. 
